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Letter

The Mosaic Structure of Human Pericentromeric
DNA: A Strategy for Characterizing Complex
Regions of the Human Genome

Juliann E. Horvath," Stuart Schwartz,' and Evan E. Eichler'-?

"Department of Genetics and Center for Human Genetics, Case Western Reserve School of Medicine and University Hospitals

of Cleveland, Cleveland, Ohio 44106 USA

The pericentromeric regions of human chromosomes pose particular problems for both mapping and
sequencing. These difficulties are due, in large part, to the presence of duplicated genomic segments that are
distributed among multiple human chromosomes. To ensure contiguity of genomic sequence in these regions,
we designed a sequence-based strategy to characterize different pericentromeric regions using a single (162 kb)
2pll seed sequence as a point of reference. Molecular and cytogenetic techniques were first used to construct a
paralogy map that delineated the interchromosomal distribution of duplicated segments throughout the human
genome. Monochromosomal hybrid DNAs were PCR amplified by primer pairs designed to the 2pll reference
sequence. The PCR products were directly sequenced and used to develop a catalog of sequence tags for each
duplicon for each chromosome. A total of 685 paralogous sequence variants were generated by sequencing 34.7
kb of paralogous pericentromeric sequence. Using PCR products as hybridization probes, we were able to
identify 702 human BAC clones, of which a subset, 107 clones, were analyzed at the sequence level. We used
diagnostic paralogous sequence variants to assign é5 of these BACs to at least 9 chromosomal pericentromeric
regions: 1q12, 2pll, 9pll/ql2, 10pll, 14qll, 15qll, 16pll, 17pll, and 22qll. Comparisons with existing sequence and
physical maps for the human genome suggest that many of these BACs map to regions of the genome with
sequence gaps. Our analysis indicates that large portions of pericentromeric DNA are virtually devoid of unique
sequences. Instead, they consist of a mosaic of different genomic segments that have had different propensities
for duplication. These biologic properties may be exploited for the rapid characterization of, not only
pericentromeric DNA, but also other complex paralogous regions of the human genome.

[The sequence data described in this paper have been submitted to the GenBank data library under accession
numbers AC002038, AC002307, AFI82004-AFI82009, AFI183323-AFI83331, AFI83333-AF183337, AFI83339-
AFI183350, AFI83352-AFI83356, AFI83358-AFI183362, AFI83366-AF183369, AFI83371-AFI83375, and AF262624-

AF262695.]

The human genome contains several different classes
of repetitive elements that are categorized based largely
on their copy number and their mode of propagation
(Gardiner 1996; Vogt 1990). Two broad classes of re-
peats are generally recognized: interspersed and tan-
dem repeat elements (Brown 1999). Tandemly re-
peated DNA, such as centromeric a-satellite and mic-
rosatellite DNA, is believed to expand and contract by
mechanisms involving unequal crossing-over or repli-
cation slippage. In contrast, interspersed repetitive el-
ements such as LINEs and SINEs, which comprise more
than one-third of the total genome (Smit and Riggs
1996), are propagated via mechanisms of retrotranspo-
sition. Both classes of repeats are easily recognized as
repetitive because of both their high copy number and
their defined sequence characteristics. As more of the
human genome is sequenced, it is becoming apparent
that yet another class of repetitive DNA exists. Low
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copy repeat sequences are being discovered as many
unique regions of the genome are found to have du-
plicate counterparts. Portions of some genes and even
entire gene segments have been duplicated and exist at
multiple, discrete locations within the genome (Eichler
et al. 1996, 1997; van Deutekom et al. 1996; Regnier et
al. 1997; Zimonjic et al. 1997; Trask et al. 1998; Hor-
vath et al. 2000).

Mapping and sequencing of the human genome
indicates that a large number of these duplicated seg-
ments lie within pericentromeric and subtelomeric re-
gions (Eichler 1998). These duplicated sequences, or
paralogs, are nonprocessed. This suggests an underly-
ing DNA transposition mechanism for their duplica-
tion and dispersal. Partial or complete paralogous ge-
nomic segments have been identified for several gene
loci including ALD, SLC6AS, NF1, HERC2, KGF, FRG1,
olfactory receptor, immunoglobulin variable k-chain
and immunoglobulin variable heavy chain segments.
A large number of pericentromeric and subtelomeric
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regions (1p12, 1q12, 2p11, 3p13, 3qter, 15qter, 19pter,
9pl1, 10pl11, 13ql1, 14ql1, 15ql1, 16pll, 17pll,
18p11, 18ql1, 20p, 20q, 21pll, 21qll, 22pll, and
22q11) have been shown to be sites of these recent
duplications (Zachau 1993; Arnold et al. 1996; Eichler
et al. 1996, 1997; van Deutekom et al. 1996; Regnier et
al. 1997; Reiter et al. 1997; Zimonjic et al. 1997; Potier
et al. 1998; Ritchie et al. 1998; Trask et al. 1998; Amos-
Landgraf et al. 1999; Brand-Arpon et al. 1999; Chris-
tian et al. 1999). These data suggest that the process of
pericentromeric/subtelomeric duplication may be a
general property of the human genome. The reason for
this apparent location bias is unclear, although we
have suggested that GC-rich repeat elements may play
a role in the accumulation of duplicated segments
within pericentromeric regions (Eichler et al. 1999).

Paralogous regions can be very large (>150 kb) and
can exhibit a high degree of sequence similarity (>98%)
(Horvath et al. 2000; Orti et al. 1998). These properties
make such segments particularly problematic for both
mapping and sequencing of the human genome (Ei-
chler 1998). Where the degree of similarity approaches
levels observed for allelic variation, it is anticipated
that it will be difficult to disentangle assembled se-
quence contigs constructed using whole shotgun se-
quencing approaches (Eichler 1998; Green 1997). Even
high-throughput sequencing centers using traditional
STS mapping and sequencing strategies have encoun-
tered difficulties building physical maps across such
duplicated regions. Since large insert clones are linked
into contiguous sets of overlapping clones based on
short STS PCR products, the absence of unique STSs
and/or the presence of a large number of clones from
paralogous loci within a single contig can create sig-
nificant ambiguities. This translates into either gaps in
the sequence/physical map (DeSilva et al. 1999; Dun-
ham et al. 1999) or the construction of physical maps
in which BAC clones have been misassigned due to the
presence of highly similar paralogous blocks (Cao et al.
1999). Indeed, in the recently reported DNA sequence
of human chromosome 22 (Dunham et al. 1999),
many of the gaps and map inconsistencies are biased
toward the pericentromeric region at sites of large in-
ter- and intrachromosomal repeats. The importance of
such repeat elements in mediating recurrent chromo-
somal structural rearrangements (Ji et al. 1999; Mazza-
rella and Schlessinger 1998) and their overall abun-
dance (010% based on chromosome 22 data) necessi-
tate the development of specialized mapping and
sequencing strategies to provide a comprehensive view
of human genome organization.

To circumvent some of the problems of paralogy,
we developed a sequence-based strategy that exploits
the paralogous nature of these complex regions. Our
strategy is outlined in Figure 1. A completely se-
quenced clone from the pericentromeric region of
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Figure 1 Flowchart of pericentromeric characterization strategy.

2p11 was chosen as a reference seed sequence. FISH
analysis and database sequence similarity searches
were used to provide a preliminary overview of the
duplicative nature of this sequence. Next, a series of
STS primer pairs were developed from the reference
sequence and were used to screen a monochromo-
somal hybrid DNA panel by PCR. The STS product
from each hybrid was directly sequenced, effectively
generating a catalog of paralogous sequence variants
that could be used to distinguish each chromosomal
copy. The paralogous sequence variant is analogous to
the single nucleotide polymorphism with the excep-
tion that sequence variation accumulates after a dupli-
cation event as opposed to descent from a common
founding allele. Finally, the same STSs were used as
probes to screen a human genomic BAC library. The
BACs that positively hybridized were PCR amplified
with the STS primer pairs and the products directly
sequenced. Comparisons between the BAC sequence
variants and monochromosomal paralogous sequence
variants allowed us to unambiguously assign highly
paralogous BAC clones to different chromosomal bins.
This transchromosomal approach not only allows the
rapid identification and characterization of other peri-
centromeric DNA but also provides insight into the
unique structure and biology of these complex regions
of the genome.

RESULTS

Characterization of a Pericentromeric
Reference Sequence
A completely sequenced BAC clone CIT978SK-A-101B6
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(GenBank accession no. AC002038) was first assigned
to 16pl1 by STS D16S2816 (Cao et al. 1999). FISH
analysis using 101B6 as a probe indicated multiple
pericentromeric signals observed on 1p12, 2p11/qll,
4q24, 7, 9p12/q12-13, 10p11, 15q11/q13, 16p11/qll,
22q11, and Y (Fig. 2). More extensive analysis of 101B6
in relation to the centromere of chromosome 2 was
performed using two-color FISH with101B6 and higher
order wa-satellite DNA from chromosome 2 (data not
shown). This analysis placed 101B6 within 1-3 Mb (the
limit of resolution of FISH) of the centromere on 2p11.
Sequence analysis of the clone revealed the presence of
a previously characterized 9.7 kb ALD segment which
had been duplicated ((5-10 million years ago) from
Xq28 to the pericentromeric regions of 2p11, 10p11,
16p11, and 22q11. Sequence variants within this seg-
ment were identified that were specific to chromosome
2p11. Additional STS analysis confirmed a 2p11 rather
than 16p11 origin of the sequence. Furthermore, the
presence of FISH signals within the pericentromeric re-
gions of chromosomes 1, 7, 9, 13, 14, 15, and 21 (Fig.
2) that had not been observed during the characteriza-
tion of the ALD duplication (Eichler et al. 1997; Hor-
vath et al. 2000) suggested the presence of additional
duplications within this sequence. Therefore, 101B6
was chosen for further analysis because it was a com-
pletely sequenced pericentromeric BAC with a com-

Figure 2 FISH of 101B6. Hybridization of the entire insert of
BAC clone, A-101B6, shows consistent fluorescent signals on
1912, 2p11/q11, 9p12/q12-13, 10p11, 15q11/q13, 16p11/
q11, and 22q11. Less intense signals are observed for 4924 and
the centromeric regions of chromosomes 7 and Y. Note the dif-
ference in size and intensity of signals on some chromosomes
(compare 2 and 16), which may suggest copy number differ-
ences.

plex paralogous organization that had proven difficult
to map based on traditional STS techniques.

A series of database searches were initially used to
characterize duplicons (blocks of duplicated sequence)
within 101B6. These searches identified at least three
genic duplicons (Fig. 3, Table 1). The first duplicon is
approximately 85 kb in length and is composed of a
duplicated segment with conserved exon-intron struc-
ture. Duplicated exonic sequences within this segment
are, on average, 95.4% similar to cDNA sequences
AA393779 and those identified within Unigene cluster
Hs.135840 (see Methods). The expressed copies of both
AA393779 and cDNAs in Hs.135840 have been
mapped to 4924 and are contained on one contiguous
genomic segment (Horvath et al. 2000). The second
duplicon (9.7 kb), which has been previously described
(Eichler et al. 1997), contains four paralogous ALD ex-
ons, which are 94.1% similar to the expressed Xq28
adrenoleukodystrophy gene. The third duplicon con-
tains a segment (O15 kb) with conserved exon-intron
structure paralogous to the expressed 2p12 immuno-
globulin variable k-locus that is 97.2% similar over two
exons. Sequences within a third paralogous exon have
similarity to other immunoglobulin sequences on
chromosomes 1 and 22. A fourth segment was identi-
fied that appeared highly duplicated based on database
searches, but showed no evidence of paralogous in-
tron—exon structure. Sequence between and outside of
paralogous exons is composed of a mixture of highly
repetitive elements and nongenic sequences. Interest-
ingly, this pericentromeric BAC contains one telomeric
associated repeat (TAR) located at position 92 kb
within the sequence. There are also two interspersed
GC-rich repetitive sequences located at positions 109
kb and 139 kb within the reference sequence. Both the
TAR and GC-rich repeat elements lie in close proximity
to the points of transition between the genic duplicons
(Fig. 3).

In addition to these duplicated segments, database
searches revealed that 101B6 shares large blocks of se-
quence with multiple clones from other chromosomes
(Fig. 3, Table 2). The boundaries of these shared dupli-
cated segments do not always correspond precisely to
the duplicons described above. A 63 kb region of 101B6
sequence is 96.9% similar to clone AC002307 from
16p11 and spans both duplicons 1 and 2. There is also
a considerable amount of overlap with sequences
782252, AP000535, AP000543-546, and AC006548
from chromosome 22 and clone AL031601 from chro-
mosome 10. A schematic overview of all duplicons
identified upon database searches (Fig. 3) indicates that
virtually none of the sequence within clone 101B6 is
unique. Instead, the sequence is composed of a variety
of different duplicated segments of varying lengths dis-
tributed over at least five chromosomes. This absence
of unique sequence and the high degree of sequence
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Figure 3 Database sequence similarity searches. The diagram depicts the extent of overlap between the (101B6) reference sequence
(top solid line) and a subset (as of 12-99) of other highly paralogous (>90%) GenBank sequences (lower solid lines). Sequences with an
* before them denote clones in htgs phase of GenBank. These overlaps are placed in the context of ancestral duplications from 4q24,
Xq28, and 2p12 (see text). Horizontal broken lines indicate a gap in the target sequence, whereas vertical broken lines indicate the positions
of repeat sequences. The paralogous nonprocessed pseudogene fragments of the adrenoleukodystrophy, AA393779 and Unigene cluster
Hs. 135840, and the immunoglobulin k-variable chain segment are shown as filled boxes. The direction of transcription (arrows) and the
exon-intron structure with respect to the ancestral (expressed) sequence are indicated. GC-rich repeat elements such as the telomeric
associated repeat (TAR) and GC-rich interspersed repeats are indicated by hatched boxes.

similarity among various clones from different chro-
mosomes may help to explain the difficulties in map-
ping these regions of the genome.

Generation of a Paralogy Map

Because database searches suggested that 101B6 shares
a patchwork of sequences from other chromosomes,
we used PCR assays with chromosome-specific reagents
to delineate specifically the genomic distribution of
duplicons on different chromosomes. Twenty-four

Table 1. cDNA Sequence Similarity Searches

cDNA Duplicons

PCR primer pairs (see Methods) were developed in
unique regions (as determined by RepeatMasker) of the
101B6 reference sequence at a density of approxi-
mately one pair every 8 kb. Multiple primer pairs were
developed within each duplicon to eliminate failure of
cross-amplification from potential sequence differ-
ences located within the primer binding site. These
primer pairs amplified PCR products ranging in size
from 303-1124 bp and were used to screen a mono-
chromosomal somatic cell hybrid DNA panel to deter-
mine the interchromosomal distribution of each pair.
As expected, the vast majority of primer pairs (2324 =
96%) amplified products of nearly identical length
from several different monochromosomal hybrids in-
dicating a multicopy distribution for these particular
genomic segments. These primer pairs amplified

bp 101 B6 ;

target map  alighed % sim position paralogous 51tes. and are referred tg as paralogou.s.se-
quence tagged sites, or pSTSs. A typical PCR amplifica-

AA393779 4924 451 94.3 19.5-57.5 tion is shown in Fig. 4a.

Al740992 4924 537 94.8 57.5-61.3 Seventeen pSTSs pairs were chosen for sequence

Al963884 4924 345 95.3 66.8-66.6 . .

AW135265 424 380 94.8 66.8-66.6 analysis. PCR was performed against a panel of mono-

Al027746 4924 394 95.5 57.5-66.8 chromosomal hybrid DNAs and the PCR products were

Al797613 4q24 478 96 67.0-66.6 directly sequenced. Sequences derived from the mono-

ALy ez A v e chromosomal hybrids were aligned, using Consed, to

Al654903 4924 408 97 66.8-35.7 . . . e

4557300 Xq28 3616 94.1 99.7-109.4 identify sequence variants that were specific to each

x64641 2p12 359 97.2 131.7-132.2 chromosome (Fig. 4b). Paralogous sequence variants
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Table 2. Genomic Segment Sequence Similarity Searches

Paralogous Genomic Sequence

% sim w/indels

position in 101B6

position in accession

accession map location bp aligned
ALO31601* 10p11 28279 97.0
" 10p11 21985 97.3
" 10p11 26042 97.3
" 10p11 4907 96.1
" 10p11 13180 96.9
AC002307 16p11 60268 96.9
" 16p11 2940 96.9
AC002041 16p11 21528 96.2
" 16p11 9387 96.3
AJ239321 21q11. 11394 95.0
782252* 22 4714 95.0
AC006548 22q11 29200 97.5
AP000535 22q11 1805 93.3
" 22q11 5795 94.9
AP000543 22q11 5430 96.1
" 22q11 17002 94.5
AP000544 22q11 36530 97.0
" 22q11 2228 92.2
AP000545 22q11 37069 97.1
AP000546 22q11 12863 97.4
" 22q11 6078 97.0
" 22q11 14312 97.2
U52111 Xq28 9680 95.4
AC005629 ? 6158 95.7
AC006352 ? 14998 96.5
" ? 9391 96.2
AC006359 ? 4074 93.8
" ? 7133 95.4
AC006453 ? 7822 96.5
" ? 9879 96.7
" ? 6152 95.8

FHHFHFEFEFFEEFE R E T

1%
1%

29030-57363
62773-84828

201797-230218
230254-252655

1% 110154-139591 161707-135464
3% 140110-145045 134605-129689
2% 148036-161973 77319-93720
1% 47856-109695 1-61389
1% 140119-143065 61582-64521
1% 140099-161973 123955-146849
2% 152567-161973 89735-99146
2% 150277-161973 32583-47845
3% 157235-161973 40814-36075
1% 110153-139533 59792-89142
.6% 91389-93314 17826-19788
3% 92479-99554 28981-23067
1% 91830-110155 36955-19791
3% 139529-145044 20213-14626
1% 71773-109772 38993-2260
.6% 139529-141827 2284-1

1% 38918-76099 37247-1

1% 3299-16187 39984-24657
2% 16179-22409 23603-17335
2% 28789-43152 14351-1

2% 99671-109435 63289-53533
3% 92082-99552 64544-70776
2% 140099-155195 81100-64760
2% 152562-161973 114915-105500
4% 139629-143774 31664-27484
2% 154823-161973 63949-56793
2% 14554-22404 133259-142417
2% 28788-38702 145388-155314

3%

92082-99552

55134-61357

*Denotes unordered clone in htgs phase.
All alignments as of December 1999.

ent monochromosomal hybrid sequences for a given
primer pair. Monochromosomal hybrid sequences for
a single primer pair are very similar at the sequence
level, ranging from 95.4% to 97.6% (data not shown).
Consequently, on average we expected [J17 sequence
variants in 500 bp of sequence from a pSTS to distin-
guish two chromosomal paralogs. During the course of
our monochromosomal hybrid analysis we generated a
total of 35.7 kb of paralogous sequence corresponding
to 5.9 kb of original 101B6 sample sequence. Compari-
sons of the monochromosomal hybrid sequence signa-
tures yielded a total of 685 paralogous sequence vari-
ants distributed among 14 different human chromo-
somes. In some cases, sequence analysis of several
pSTSs from the hybrids showed the presence of hetero-
zygous signals. Because of the monochromosomal ori-
gin of these chromosomes, the heterozygous signals
likely represent intrachromosomal duplications.
Cytogenetic analysis was used to confirm the dis-
tribution of duplicons and to identify cytogenetic
band positions for each duplicated segment. A series of
six nonoverlapping DNA fragments, which effectively

represent different portions of the 101B6 sequence,
were used as probes in FISH metaphase assays. The lo-
cations of these six probes are schematically shown
within Fig. 5a. FISH using paralogous chromosome 16
cosmid 308A5 had previously been used to confirm the
ancestral 4q24 locus and the pericentromeric localiza-
tions of duplicon 1 (Horvath et al. 2000). Similarly, a
9.7 kb long range PCR probe spanning exons 7-10 of
the ALD gene confirmed the expressed Xq28 locus as
well as the pericentromeric localizations of duplicon 2
(Eichler et al. 1997). Four additional long-range PCR
probes were designed within duplicated segments 3
and 4 of 101B6 (Fig 5a). Analysis of these probes re-
vealed localizations that could not be detected by
whole BAC hybridizations (data not shown). For ex-
ample, probe LR-3 hybridizes to chromosomes 13, 14,
17, 18, and 21 in addition to chromosomes 1, 2, 7, 9,
10, 15, 16, 17, and 22 as seen with the entire 101B6
insert used as probe. Because these probes are smaller
and less complex in comparison to the complete BAC
insert, we believe that the FISH signals obtained when
using long-range PCR probes are more representative

Genome Research 843
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Figure 4 Paralogous STS and sequence variants. (a) A typical PCR amplification of a paralo-
gous STS against a panel of monochromosomal somatic cell hybrid DNAs. pSTS1 was designed
to 101B6 (chromosome 2) sequence (see Methods) yet amplified a [(B83 bp product from
chromosomes 2, 4, 10, 16, 22, and Y (marked with asterisks). (b) The PCR products from pSTS
1 were bidirectionally sequenced and aligned (Consed). Basepairs in bold represent 101B6
basepairs, whereas the numbers above each bp represent its location in 101B6. Only the
paralogous sequence variants (PSVs) that distinguish each chromosome are shown; a period
represents the same bp as 101B6. Along the right are the sequences of the monochromo-
somal hybrid sequence (MCH). Below each chromosomal sequence signature, a subset of
RPCI-11 BAC clones corresponding to each PSV is indicated. The numbers correspond to

pSTSs developed to the 101B6 reference sequence. Similar analyses were performed for 16
other pSTS.
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of the true distribution of these
duplicons within the genome.
The cytogenetic analyses indi-
cate, with the exception of the
signals of the ancestral loci
within 4q24 and Xq28, that the
other 12 chromosomal locations
are exclusively pericentromeric.

Data from database searches,
pSTS hybrid, and FISH analyses
reveal a complex, highly paralo-
gous organization of the 101B6
sequence. The pericentromeric
regions of chromosomes 10, 16,
and 22 share the largest blocks of
sequence similarity with the
2pl1 pericentromeric segment
101B6 (Table 2, Figure Sa). With
one exception, all pSTS tested
coamplify from chromosomes
2pl1, 10pll1, and 22q11. pSTS
pair 16, which was developed
across one of the GC-rich repeats
at position 109 kb, is the only
site that amplifies solely from
chromosome 2. Based on our
monochromosomal analysis
with 24 pSTSs, an average of 7.7
different chromosomal loci are
detected for each pSTS. Interest-
ingly, some groups of pSTS are
distributed among more chro-
mosomes (pSTSs 17-24, Fig Sa)
than others (pSTSs 1-16, Fig. 5a).
If the number of chromosomes
scored positive for a given pSTS
is plotted against the position of
the pSTS within the 101B6 refer-
ence sequence, a distinct pattern
emerges (Fig. 5b). Three statisti-
cally significant (p<0.001, two-
tailed f test, unequal variances)
blocks can be discerned. pSTSs
within duplicons 1 and 2 show a
similar number of interchromo-
somal duplicons (6.3 +/— 1.3
chromosomes). In contrast, the
number of interchromosomal
signals more than doubles for
pSTSs designed within duplicon
4 (mean=14.5 +/— 2.2 chromo-
somes). An intermediate number
of chromosomes cross amplify for
pSTSs developed within the third
duplication segment (11.5 +/— 2.2
chromosomes). These data indi-
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cate that different regions of the pericentromeric se-
quence have had markedly different propensities to du-
plicate.

Identification of Other Complex Regions

of the Human Genome

To confirm the contiguous genomic organization of
101B6, and to identify paralogous clones from other
chromosomes, a human BAC library (RPCI-11), was
screened by radioactive hybridization with four 101B6-

hybrid DNAs. A total of 24 paralogous STS (pSTS 1-24) primer
pairs were developed based on the 101B6 reference sequence.
Dots along the top line indicate the approximate position of each
primer pair in 101B6 (see Table 3 for the exact location of each
primer). The filled gray boxes indicate chromosomal hybrids
tested positive by PCR and, therefore, represent the extent of
paralogy of each chromosome with respect to the 2p11 reference
sequence. As expected, only chromosome 2 tested positive for all
pSTS. A schematic of the duplication organization (see Fig.3) of
the 2p11 sequence is provided. The positions of long-range PCR
(LR-ALD, LR-1 to 4) and the cosmid (c308a5) probes used in FISH
assays are indicated. FISH localizations are summarized on the
right side of the figure. These confirm the interchromosomal dis-
tribution and cytogenetic position of each pSTS. (b) The number
of observed interchromosomal duplications is plotted (y axis)
against the position of each paralogous STS. The mean number
of duplications is calculated for three groups (X;=duplicon 1 and
2, X,=duplicon 3, and X;=duplicon 4). A significant difference is
observed for each pairwise comparison of the means (P < 0.001;
two-tailed test; unequal variances).

derived probes (PCR products from pSTS 1, pSTS 14-15,
pSTS18, pSTS23) and a cDNA insert (AA393779 repre-
senting duplicon 1). A total of 702 BAC clones were
identified. Approximately 10% of these clones (65702)
cohybridized with two or more probes. As expected,
hybridization with pSTS23 (duplicon 4) identified the
largest number of clones (397 BACs). Based on the li-
brary redundancy (12-fold coverage), we estimate that
this single paralogous locus may be represented more
than 30 times throughout the human genome. From
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our initial BAC screen, a subset of BACs from each pSTS
hybridization to the RPCI-11 library was randomly se-
lected for further analysis. A total of 107 (O15%) BAC
clones were selected for subsequent sequence analysis.
Each of these BACs was amplified with a series of pSTS
primers and the products were directly sequenced and
compared to the chromosomal signatures. This analy-
sis served two purposes. Firstly, it provided an assess-
ment of the organization and continuity of the pSTSs
on other chromosomes. Secondly, it allowed us to un-
ambiguously assign the chromosomal origin of each
BAC. A BAC was assigned to a chromosome after at
least five sequence variants were identified that were
concordant with the previously determined chromo-
some pSTS signature. Comparison of the paralogous
sequence variants allowed us to unambiguously assign
65 of the 107 BACs to specific chromosomal pericen-
tromeric regions. A total of 42 BACs, representing 26
distinct sequence signatures, could not be identified;

these were placed into a miscellaneous bin for later
analysis. Figure 6 summarizes BACs representative of
each chromosome that share large segments of se-
quence with 101B6 as determined by PCR and se-
quence analysis. Using this sequence-based approach
we have begun to construct 11 different BAC contigs in
complex pericentromeric regions of the human ge-
nome. Analysis of sequence data collected from chro-
mosome 22 as well as other chromosomes indicates
that these BACs map to regions either near or within
the gaps of existing maps (see below).

DISCUSSION

Our analysis reveals several interesting features of hu-
man pericentromeric DNA. First, these data support
the observation that pericentromeric regions of our ge-
nome have been subject to an unprecedented level of
genomic duplication among nonhomologous chromo-
somes. Certain pericentromeric regions are composed
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Figure 6

Identification of pericentromeric BAC clones. A total of 702 individual BAC clones were identified upon hybridization of the

RPCI-11 BAC library (segments 1 and 2) with 101B6-derived probes. 107 of these clones were characterized at the sequence level with
16 of the paralogous STSs indicated by an underline. 65/107 BACs could be assigned to a chromosomal bin based on at least five diagnostic
paralogous sequence variants between the BAC and monochromosomal hybrid signature. A representative subset of paralogous BACs are
depicted. Filled circles show the representative STS content of each BAC based on amplification with 101B6-derived pSTSs. Open circles
indicate that a product larger than expected was amplified. Asterisks indicate BACs for which one (*) or both (**) end sequences were
generated. Boxes show the position of the BAC-end sequence with respect to the 101B6 reference sequence. Eleven different contig bins
were created corresponding to BACs from chromosome 1, 2, 4, 9, 10, 15, 16, 17, 22, acrocentric bin (13, 14, 15, 21, 22), as well as a
miscellaneous bin, which includes BACs that have not yet been assigned to a chromosome but possess a distinct paralogous sequence

signature.
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almost exclusively of duplicated sequence. These seg-
ments are arranged as a patchwork or mosaic of differ-
ent duplicons that correspond to ancestral, originally
gene encoding, DNA that has been transposed to peri-
centromeric regions (Eichler et al. 1996, 1997; Jackson
et al. 1999; Horvath et al. 2000). Sequence analysis in-
dicates that the TAR and interspersed GC-rich repeti-
tive elements (CAAAAAGCGGG) demarcate the transi-
tion from one duplicon to another in 101B6. Within
the limits of resolution of this study (<5 kb), the tran-
sition between the 4q24, Xq28, and 2p12 duplicons
each occurred across one of these GC-rich repeats (Fig.
3), implicating these elements as potential transposi-
tional integration signals. The duplicons themselves
may be arranged into larger units that are distributed
to multiple pericentromeric regions (Compare 2pl11,
10p11, 16p11, and 22q11 for duplicons 1 and 2; Table
2 and Fig. 3). Interestingly, estimates of copy number
for the different duplicons suggest a difference in the
degree of duplication. For example, the most proximal
region analyzed, (duplicon 4 pSTS 20-24) is shared
among more than half of all human chromosomes,
indicating that either these sequences were more
evolutionarily mobile or that the sequence defines a
canonical sequence motif of many human pericentro-
meric regions. In contrast, other segments show
a significantly reduced genomic distribution. The
molecular basis for this difference is unclear, although
it is possible that differences in proximity to cen-
tromeric a-satellite DNA may influence the spread
of duplicated material among pericentromeric re-
gions, as has been previously proposed (Regnier et al.
1997).

The degree of sequence similarity (Table 2) among
the pericentromeric regions ranged over a narrow in-
terval (93.3-97.5%). This we have proposed is a conse-
quence of a pericentromeric swapping or exchange
event that occurred among nonhomologous chromo-
somes within a very narrow window of human evolu-
tion. Previous comparative and phylogenetic analyses
indicated that these duplication events occurred ap-
proximately 5 million years ago (Horvath et al. 2000).
While nonhomologous exchange of DNA is not
thought to be common, studies of acrocentric chromo-
somes indicate that the short arms of these chromo-
somes share a-satellite DNA subsets and rDNA gene
sequence polymorphisms (Arnheim et al. 1980; Krystal
et al. 1981; Choo et al. 1988; Greig et al. 1993). Because
the acrocentric chromosomes are associated with the
cell nucleoli during cell division, it has been postulated
that this physical proximity may promote nonho-
mologous recombination or conversion events leading
to an evolutionary homogenization of a-satellite as
well as other pericentromeric DNA (Choo et al. 1988;
Greig et al. 1993). Our data may suggest that the peri-
centromeric regions of many other nonacrocentric

chromosomes are also capable of undergoing similar
types of nonhomologous exchange events. Such a
model could help explain the high degree of sequence
similarity among localized patches of genomic se-
quence on chromosomes 1, 2, 7, 9, 10, 16, 17, 18,
and Y.

Another interesting observation is the consider-
able variation in colinearity among different pericen-
tromeric regions. Our BAC sequence analysis (Fig. 6)
indicates that some regions contain many contiguous
STSs, whereas other regions are much more fragmented
with respect to 101B6. These observations are con-
firmed by both monochromosomal hybrid analysis
(Fig. 5a) as well as database sequence similarity
searches (Table 2, Fig. 3). In some cases, it appears that
these fragment transitions occur, once again, near or
within GC-rich repeats. For example, the extent of
chromosome 9 and 21 paralogy to chromosome 2p11
(Fig. 5a) begins within pSTS16, which spans a
CAAAAAGCGGG repeat. Similarly, 1q12, 7p11, 16p11,
17p11, and 18p11 paralogy all begin immediately after
another such repeat (pSTS21). It is possible that these
elements, in addition to serving as transposition inte-
gration signals, may also represent focal points for the
transfer of genomic material among pericentromeric
regions. In other cases, the variation in the extent of
paralogy, particularly among BACs, appears to be
the result of secondary events that rearranged these
large pericentromeric blocks after duplication. For ex-
ample, the recently published sequence organization
of 22q11 compared to the sequence within 2p11 is
complex. Instead of a single-step duplication of mate-
rial between these chromosomes, at least two addi-
tional rearrangement events must be invoked to ac-
count for this organization (Fig. 7). All of these obser-
vations are consistent with a rapid evolutionary
turnover in the pericentromeric region of human and
other primate chromosomes (Eichler et al. 1999; Jack-
son et al. 1999).

Traditional methods of physical mapping (i.e., fin-
gerprinting, STS-content mapping, BAC-end sequence
characterization) focus on the identification of over-
lapping sets of contiguous clones. Implicit in this
methodology is the presence of unique sequence char-
acteristics that allow such overlaps to be detected. Al-
though these strategies have been effective in the gen-
eration of large overlapping contigs within euchro-
matic DNA, regions near or within heterochromatic
DNA have proven much more difficult (Green 1997;
Dunham et al. 1999; Peterson et al. 1999). Instead of a
cis-based approach for characterization of such regions,
we have employed a transchromosomal assay to char-
acterize these regions. The approach exploits the
highly paralogous nature of these areas to identify
other complex regions of the genome that have been
linked evolutionarily by recent duplication events. Se-
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Figure 7 2p11 vs. 22q11 pericentromeric organization. Miropeat analysis was performed using the 162 kb of 2p11 reference sequence
and 600 kb of finished chromosome 22 sequence contig 3. Miropeats identifies regions of sequence similarity and displays this similarity
information graphically in the positional context of the sequence (vertical line) as black bars delineated by joining lines between the two
sequences (http://www.genome.ou.edu/miropeats.html). Comparisons were performed using repeat-masked versions (RepeatMasker v.
3.0) of the sequences (consequently small breaks in the sequence similarity are indicated). Note the colinearity of duplicons 1 and 2 (see
Fig. 3 for a detailed description of duplication content). Duplicon 3 is located 300 kb distal to the first sequence overlap in an inverted
orientation. At least two rearrangement events must be invoked to account for this comparative organization. Duplicon 4, although
present by monochromosomal hybrid analysis within chromosome 22 (Fig. 5a) could not be identified in any of the current finished

sequence. This duplicated segment presumably lies within one of the remaining sequence gaps of 22q11.

quence similarity provides the specificity to detect
clones, whereas sequence differences (paralogous se-
quence variants) provide the sensitivity needed to dis-
tinguish between closely related copies. Application of
this approach to 162 kb of sequence from chromosome
2p11 has allowed us to effectively identify 702 BAC
clones and assign more than 65 BACs to 9 contigs lo-
cated within different pericentromeric regions across
the genome. Based on the total number of BAC clones
and distinct sequence signatures identified, we esti-
mate that our analysis of this single 162 kb reference
sequence facilitated the identification and character-
ization of 6-8 Mb of pericentromeric DNA (see Meth-
ods). Such BAC clones may now be selected as tem-
plates to complement sequencing efforts on these
chromosomes and to facilitate closure in particularly
problematic regions. Because of the paralogous nature
of this and other pericentromeric regions, it is likely
that a relatively limited number of reference sequences
must be analyzed in this fashion to obtain clones rep-
resenting a significant fraction of human pericentro-
meric DNA.

One of the limitations of our approach has been
the inability to assign a portion (39%) of our BAC
clones to specific chromosomal bins. Some of this vari-

848 Genome Research
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ability could be attributed to human polymorphism.
Because the number of bp differences between any two
variant sequences exceeds the level of human poly-
morphism (1 difference in 1200-2000 bp) (Cargill et al.
1999; Halushka et al. 1999), this is likely not the sole
explanation for our inability to assign all BAC clones to
a chromosome. The ability to discern all possible
paralogous signatures using hybrids as templates be-
gins to diminish as the number of paralogous copies
distributed throughout the genome increases. Many of
these high-copy paralogous segments often showed
the presence of heterozygous sequence signatures or an
unusually high level of background when PCR prod-
ucts were directly sequenced from specific monochro-
mosomal hybrids. These data suggest that multiple
copies of duplicons exist on single chromosomes and
that the sequencing of a single PCR product from a
monochromosomal hybrid is not sufficient to resolve
this intrachromosomal duplicity. In such cases, these
problems may be eliminated by selection of a more
refined set of chromosome-specific substrates (i.e.,
monochromosomal deletion hybrids or chromosome-
specific cosmid libraries that have been derived from a
single chromosomal haplotype). Indeed, the frequent
occurrence of highly paralogous intrachromosomal
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duplicated segments in the genome near gaps in se-
quence or clonal continuity (Dunham et al. 1999; Lof-
tus et al. 1999) may require the use of such resources to
achieve final sequence closure.

Database sequence similarity searches (Table 2,
Fig.3) reveal that GenBank entries that are paralogous
to 101B6 belong to one of two categories: sequences
that have been not been assigned to a specific chromo-
some or those that have been assigned largely to one of
three specific pericentromeric regions (10p11, 22q11,
and 16p11). Sequences from the latter group have been
generated for the most part as a consequence of spe-
cialized sequencing efforts. For example, the paralo-
gous segments within 10p11 are the product of a ran-
dom shotgun library construction and sequence as-
sembly of overlapping large-insert YAC clones that
previously had been mapped near the chromosome 10
centromere (Jackson et al. 1996, 1999). Similarly, the
corresponding paralogous segments from 22ql1 have
been derived almost exclusively from overlapping cos-
mid (40 kb insert) clones, which were isolated from a
chromosome 22-specific library (Dunham et al. 1999).
Due to the clonal instability andr size limitations
of YAC and cosmid clones, it is unlikely that such
methods will become widely adopted by sequencing
centers.

Our approach obviates the need for specialized se-
quencing templates by focusing specifically on these
problematic regions, exploiting their highly paralo-
gous nature and using the sensitivity of sequence data
to specify BAC location. Our analysis, for example, has
identified a series of chromosome 22 paralogous se-
quence signatures (from duplicon 4) that are not cur-
rently represented in the finished sequence of chromo-
some 22 (Dunham et al. 1999). These sequences pre-
sumably lie within one of the remaining gap regions of
this chromosome. Using these paralogous STSs as
probes, it should now be possible to identify and se-
quence clones within these regions to provide a com-
plete sequence representation of this chromosome.
Similarly, until recently, chromosome 10 sequencing
efforts were unable to incorporate the chromosome 10
ALD paralog, a known pericentromeric marker, into
existing YAC maps (Jackson et al. 1999). Our approach
identified two BACs (Fig. 6) belonging to chromosome
10 that contained the ALD paralog and one of these
(accession number AL133173) has been placed into the
sequencing queue at the Sanger Center to facilitate clo-
sure in this region. These results suggest that these
types of analyses may not only be useful for de novo
sequencing of complex regions but also may comple-
ment existing sequencing efforts within the genomic
community. Although such an approach requires more
upfront effort, its pangenomic application should help to
provide a more balanced representation of both the het-
erochromatic and euchromatic portions of our genome.

METHODS

Sequence Analysis

Interspersed repeat sequences were masked using Repeat-
Masker version 3.0 software (A.F.A. Smit and P. Green, http://
ftp.genome.washington.edu/RM/ RepeatMasker.html)
BLASTN (v.2.0.10) sequence similarity searches were per-
formed using repeatmasked 101B6 (AC002038) sequence as
query against both htgs and nr divisions of GenBank. (Hor-
vath et al. 2000). Only genomic sequence greater than 1 kb,
and unprocessed cDNA sequences with a minimum of 90%
identity to query were considered (Tables 1 and 2). A combi-
nation of BLAST, sim4 (Florea et al. 1998) and Miropeats (Par-
sons 1995) software delineated the extent of duplication. Glo-
bal pairwise genomic sequence alignments were performed
with ALIGN software (http://genome.cs.mitu/edu/align
/align.html). Percent similarity was calculated as {{(number of
matched bases)]/ [L (number of bases aligned) + (number of
indels)]} X 100%. Standard error was estimated as the square
root of the binomial distribution. Sequence manipulations
and alignment calculations were performed using Alignscorer
software (Jeff Bailey, unpubl.). Paralogous sequence variants
generated from BAC and chromosomal hybrid sequencing
were identified using Javascripts that manipulate Phrap-
generated ace files (Ewing and Green 1998). Only sequence
variants with a phrap value >20 for forward or reverse strands
were considered.

Hybridization

The RPCI-11 human BAC library (segments 1 and 2) was hy-
bridized with PCR-generated probes representing pSTS 1, pSTS
18, pSTS 23, and the gel-purified insert of cDNA clone
AA393779 (Table 2, Table 3). The pSTS probes were designed
to reference sequence A101B6 (CIT978SK, from the California
Institute of Technology library). High-density arrayed BAC
filters (Roswell Park Cancer Institute, Buffalo, NY) were hy-
bridized and washed as described previously (Eichler et al.
1997) with the exception that nylon membranes were
blocked using 1 mg of sonicated salmon sperm DNA (Strata-
gene). PCR probes were purified (Qiagen QiaQuick kit) and
25-50 ng of product was random-hexamer labeled (Mega-
Prime) using [a-*?P] dCTP and 2 U Klenow (Amersham, manu-
facturer’s specifications). A total of 702 strongly hybridizing
BAC clones were identified using probes derived from the
162 kb 101B6 clone. Based on the depth of library coverage
(11.8 X) and an average insert size of 166 kb (http://
bacpac.med.buffalo.edu), we estimate the BAC clones repre-
sent (0.9 Mb of pericentromeric sequence. A similar estimate
is obtained if the total number of distinct BAC paralogous
signatures is considered (37 different patterns X 166 kb insert
= 6.1 Mb).

PCR and Sequencing

PCR amplifications of somatic cell hybrid templates (NIGMS,
Human Genetic Mutant Cell Repository Mapping Panel 2)
were performed as previously described (Horvath et al. 2000).
BAC DNA templates were isolated from 5 ml overnight cul-
tures (Qiagen Qiawell DNA isolation kit), resuspended in TE
or water, and 1/25 of the total volume (15 ng) was used for
PCR. Table 3 summarizes the oligonucleotide sequence, its
position within the 101B6 reference sequence, and the PCR
annealing temperature for each of the 24 PCR assays. All PCR
products were directly sequenced (both forward and reverse
strands) using a modified dye-terminator sequencing protocol
(Horvath et al. 2000). BAC end cycle sequencing reactions
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Table 3. Paralogous STR Primers

Primer pair OLIGO Sequence (5’ to 3') Location TA °C
1 101b6-1 GAGAAGGTTCTGGTGGCAGATGCTG 7926-7950 65
101B6-2 TTACCCAGAGTTTGCCAACCCAGAC 8309-8285
2 101B6-3 CGAGTGACAGTTAACTGGCTACAG 13953-13676 65
101B6-4 CCAAATAGCAATCTAGACAAAGCTG 14475-14451
3 101b6-65 CAGATTGGCTATAGGTCCATGCC 19536-19558 55
101b6-66 GGAGTTAGGATCTAGAGACAGTAG 20149-20126
4 101B6-5 GTGCACTCATGTGCTGCTGGAGAC 32227-32250 55
101b6-36 CAAGTGAACGGTGTTGTGTATTGGC 33075-33051
5 101b6-67 TGACCATTCTTACAGTGGTACTCC 35201-35224 55
101b6-68 ATGTCATCCATACTGCTAGCAGCC 35862-35839
6 101B6-7 CGGGTAGGACATGATATTGTGGC 37778-37756 55
101b6-37 GTGCTGCATCATGATTACTTATCCTG 37233-37258
7 101B6-74 CTGTATCAATCACTGCTGTGCTCAG 56741-56717 55
101B6-109 GAGCTAAGTGTTTTCATACATGTC 56308-56331
8 101B6-78 CTAGTATCAGAGATGTGGCAGAAG 57193-57216 55
101B6-79 CAACCAGAATGAGGGGATTTCCTA 57654-57631
9 101B6-10 TATCAAGCTGGTTCCAGGAACTGG 64911-64934 55
101b6-38 GTACTGAACATGATCCAGTGTGCTG 65590-65566
10 101B6-116 AACTCCTGGTGTTATGAGGGCAAC 66346-66369 55
101B6-118 AAGAAGTAGGCAGATGATGACAGG 66894-66871
11 101B6-11 CACTTGGTACAATCACCAATGCAAAG 70731-70706 65
101b6-39 GGAAGCTGTGAAGAAGCTGGTCTC 70252-70275
12 101B6-14 TGGCTGATCTGTCTGACAACAGTG 85255-85278 60
101b6-41 CAACACCTAGTTGGCCATATAGTCC 86050-86026
13 101B6-81 AGTTTCCTGCCTGGGATGGTTCAC 90575-90552 55
101b6-42 CAAACAGCTTTGGATCCATAGCCAC 90201-90225
14 83192 TCACAGGCTAGTGGACATGGCAGAC 100389-100366 55
83191 CACCCGCAGCACCTGGATGTCAGC 100165-100189
15 101b6-85 CCTTGTGTGACCAGGTGATCTACC 109336-109313 55
101b6-86 ACAGTAGCCATCACTGCACACATG 108700-108723
16 101B6-27 GGTAGATCACCTGGTCACACAAGG 109313-109336 55
101b6-51 CCAAGAAGTTAGATTCTGTCTTTGG 110437-110413
17 101b6-55 GGTGACATGATGCTCTCATCTGGC 115316-115339 55
101b6-56 CCTTTGGTAGGGATCCAGGGATTG 115740-115717
18 101B6-20 TGTAACATTCTCATAGCCATCTGG 124982-124959 55
101b6-44 GAAACTTTTGGTTACCTGAGATTGC 124701-124725
19 101B6-22 CACATGCAGTTAGGTGTGGACTGG 131151-131174 55
101b6-45 ACGTGACAATGCCTGTCCTGACTG 131537-131514
20 101B6-24 CTGCTGTGAAGTGAATGGTGTCTTC 138788-138764 55
101b6-46 CGTGGTAGACAGAGCTTCATTCAAC 138308-138332
21 101B6-29 GGAGATCTGGGATGGAATAGGGTTC 148181-148205 55
101b6-47 GAGAGATCATAGTGGGTTTGTGGAG 148514-148490
22 101B6-31 CGCCAGTCACCTCTAAACCGTATTG 153385-153361 55
101b6-48 GCCTATCTGTGTAATTGACTGGTTAG 152747-152772
23 101B6-32 CAGTATCTTCACATTCTCTCCCTGTCC 155471-155497 55
101b6-49 GAAAGAAGCAAGAGTGCGCTAAAC 155774-155751
24 101B6-34 CACACCTGCGAGGTGGATGGAAGAG 160943-160919 55
101b6-50 GGTAGCACCTACTTTTCAAATAGCG 160514-160538

using T7.29 and SP6.22 primers and a modified Big-Dye ter-
minator sequencing protocol (http://bacpac.med.buffalo.edu)
consisting of 2 pug DNA, 8ul Big Dye terminator mix (Perkin
Elmer Applied Biosystems, Norwalk, CT) and 1ul (20 pmoles)
primer. BAC DNA templates for end-sequencing were pre-
pared using a Nucleobond DNA purification kit (Clontech,
Palo Alto, CA). All fluorescent traces were analyzed using the
Applied Biosystems Model 377 DNA Sequencing System (Per-
kin-Elmer Applied Biosystems, Norwalk, CT) and the quality
of sequence data assessed with PHRED/PHRAP/CONSED soft-
ware (http://genome.wustl.edu). A total of 37.5 kb and 41.2
kb of paralogous pericentromeric sequence was generated
from monochromosomal and BAC templates, respectively. All
sequences have been deposited into GenBank.
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Fluorescent In Situ Hybridization

Metaphase and prometaphase chromosomes were prepared
from phytohemagglutinin (PHA)-stimulated leukocyte cul-
tures from a normal male donor using standard procedures.
Fluorescence in situ hybridization was performed on pro-
metaphase cells on unstained slides as described elsewhere
(Sullivan et al. 1996). The BAC probes were labeled with bio-
tin 14-dATP by nick translation (BioNick Labeling Sys-
tem18247-015, Gibco BRL, Gaithersburg, MD). And the chro-
mosomes were counterstained with DAPI. Twenty meta-
phases were analyzed for the presence of probes and the
localization of the signals determined from the DAPI coun-
terstain. Digital images were collected using a Leitz DMRB
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microscope controlled by CytoVision ChromoFluor software
manufactured and distributed by Applied Imaging Corpora-
tion (Santa Clara, CA).
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